Miltefosine causes leishmanial death, but the possible mechanism(s) of action is not known. The mode of action of miltefosine was investigated in vitro in Leishmania donovani promastigotes as well as in extra-and intracellular amastigotes. Here, we demonstrate that miltefosine induces apoptosis-like death in L. donovani based on observed phenomena such as nuclear DNA condensation, DNA fragmentation with accompanying ladder formation, and in situ labeling of DNA fragments by the terminal deoxyribonucleotidyltransferasemediated dUTP-biotin nick end labeling method. Understanding of miltefosine-mediated death will facilitate the design of new therapeutic strategies against Leishmania parasites.
Miltefosine (1-O-hexadecylphosphocholine), an alkylphosphocholine and a membrane-active synthetic ether-lipid analogue originally developed for the treatment of cutaneous metastasis from mammary carcinomas (21, 32) , has proved to be an effective treatment for human visceral leishmaniasis (25, 38, (52) (53) (54) (55) . It has been hailed as potentially the first oral treatment of human leishmaniasis (8, 15, 16, 20, 25, 31, 47, 50) . The leishmaniacidal activities of miltefosine have been associated with perturbation of the alkyl-phospholipid metabolism and the biosynthesis of alkyl-anchored glycolipids and glycoproteins (33, 34) . Although potential antitumor cell mechanisms of action of miltefosine have been elaborated in mammalian cells (13, 44) , its exact mode(s) of cytotoxicity has not been determined in Leishmania spp. (9, 25, 39, 46, 48, 55) . It has been known to induce apoptotic death in various cancer cell lines (13, 28, 32, 43, 60) . However, it is not yet established whether miltefosine can bring about apoptosis-like death in all the forms of Leishmania parasite.
There are now increasing numbers of reports regarding unicellular organisms undergoing apoptosis-like death, whose induction is not obligatory but activated under threatening circumstances (1, 36, 49) . Cell death resembling metazoan apoptosis has been reported in several parasitic protozoans (4, 10, 30, 36, 49, 59, 61) . Apoptosis greatly affects the host-parasite relationship, since the survival of the parasite inside the vector as well as in the macrophage requires strict control of the population of the parasite (12, 58) . Apoptosis could be a useful mechanism to avoid killing of the entire population (36) and thus influence the chemotherapeutic strategies to limit the parasite (11) .
In the present study we sought to determine the mode of action of miltefosine in Leishmania donovani promastigotes as well as extra-and intracellular amastigotes. We have demonstrated that miltefosine causes apoptosis-like death in L. donovani. Our data set the stage for future development of this class of drug for better treatment of leishmaniasis. of culture medium. They were treated with or without various concentrations of miltefosine after 48 h and allowed to grow further for another 48 h. MTT solution was added to each well to a final concentration of 400 g/ml, and the plates were incubated for 3 h at 24°C. Cells were centrifuged at 6,000 ϫ g for 10 min. Pellets (purple formazan product, indicative of the reduction of MTT) were dissolved in 100 l of dimethyl sulfoxide and further incubated for 15 min. The absorbance was read on an automated microplate reader (Powerpack 200; Biotek Instruments, Winooski, Vt.) at 540 nm. The amount of color produced is directly proportional to the number of viable (metabolically active) cells. Relative numbers of live cells could therefore be determined based on the optical absorbance of the sample. The value for the blank well was subtracted from each well of treated and untreated (control) cells, and the mean percentage of posttreatment viable cells was calculated relative to the control as follows: % viable cells ϭ (A T Ϫ A B )/(A C Ϫ A B ) ϫ 100, where A C is the absorbance of the control (mean value), A T is the absorbance of the treated cells (mean value), and A B is the absorbance of the blank (mean value). Results were expressed as the concentration inhibiting parasite growth by 50% (50% inhibitory concentration [IC 50 ]). Cell proliferation was also measured by cell counting in a Neubauer chamber.
Determination of cellular morphology. To observe changes in cellular morphology, untreated and miltefosine-treated cells were harvested by low-speed centrifugation (1,600 ϫ g) and resuspended in PBS. Aliquots of the suspension were placed on glass slides, covered with coverslips, and sealed. Cells were observed under magnifications of ϫ100 on a Nikon E600 microscope equipped with a differential interference contrast module (Nikon, Tokyo, Japan). For recording of alterations in cellular morphology, treated and untreated cells were observed at different time points. Images were processed using Image-Pro Express (Media Cybernetics, Madison, Wis.) and Adobe Photoshop 5.5 (Adobe Systems Inc., Mountain View, Calif.) softwares. At least 20 microscopic fields were observed for each sample.
Detection of DNA condensation by propidium iodide staining. To observe the DNA condensation in promastigotes and amastigotes, untreated and miltefosine-treated cells were stained with propidium iodide (PI) as described previously (44) , with minor modifications. Briefly, cells were fixed in 3% paraformaldehyde onto poly(L-lysine)-coated slides. The adherent cells were permeabilized with 0.2% (vol/vol) Triton X-100 for 1 min and washed with PBS. They were then incubated with PI (10 g/ml) for 2 min. Subsequently, cells were observed using a Nikon E600 microscope (Nikon, Tokyo, Japan), and images were processed as described above. At least 20 microscopic fields were observed for each sample.
Oligonucleosomal-DNA fragmentation assay. To determine the presence of DNA fragments generated as a function of cell death, total cellular DNA from promastigotes as well as extracellular amastigotes was isolated by a previously described procedure (45) with minor modifications. Briefly, pellets of 10 ϫ 10 6 cells were treated with sarcosyl detergent lysis buffer (50 mM Tris, 10 mM EDTA, 0.5% [wt/vol] sodium-N-lauryl sarcosine; pH 7.5) and proteinase K (15.6 mg/ml) and incubated overnight at 50°C. The lysates were then extracted with phenol-chloroform-isoamyl alcohol (25:24:1) and centrifugation at 16,000 ϫ g for 5 min. To the upper phase, 0.3 M sodium acetate and 100% ethanol (twice the volume) were added, and the mixture was kept overnight at Ϫ20°C. The sample was centrifuged at 16,000 ϫ g for 10 min. The DNA pellet was washed with 0.5 ml of 70% (vol/vol) ethanol and solubilized in TE (10 mM Tris-HCl, 1 mM EDTA; pH 8.0). RNase A (0.3 mg/ml) treatment was given for 1 h at 37°C. Extracted DNA was quantified spectrophotometrically at 260/280 nm. A total of 10 g of DNA was mixed with tracking dye and run on 1% agarose gels containing ethidium bromide in TAE buffer (40 mM Tris-acetate, 1 mM EDTA; pH 8.0). Gels were run for 2 h at 50 V and visualized under UV light.
In situ labeling of DNA fragments by TUNEL. In situ detection of DNA fragments by terminal deoxyribonucleotidyltransferase (TdT)-mediated dUTP nick end labeling (TUNEL) was performed using the ApoAlert DNA fragmentation assay kit following the manufacturer's instructions. Briefly, L. donovani promastigotes and extracellular amastigotes treated with or without miltefosine were fixed in 4% paraformaldehyde (wt/vol) and placed on poly(L-lysine)-coated slides. In situ TUNEL assay for intracellular amastigotes was done with amastigote-infected macrophages grown on coverslips as described by Holzmuller et al. (20) with minor modifications. Cells were permeabilized with 0.2% (vol/vol) Triton X-100 and equilibration buffer (200 mM potassium cacodylate, 25 mM Tris-HCl, 0.2 mM dithiothreitol, bovine serum albumin [0.25 mg/ml], 2.5 mM cobalt chloride) for 10 min at room temperature. Slides were layered with TUNEL reaction mixture containing nucleotide mix (50 M fluorescein-12-dUTP, 100 M dATP, 10 mM Tris-HCl, 1 mM EDTA; pH 7.6) and TdT and incubated for 1 h at 37°C in a humid chamber. The samples were counterstained with PI (10 g/ml) and visualized under a Nikon E600 fluorescence microscope (Nikon, Tokyo, Japan). Images were captured and processed as described above. At least 20 microscopic fields were observed for each sample.
Statistical analysis. In vitro antileishmanial activity was expressed as the IC 50 by linear regression analysis. Values expressed are means Ϯ standard errors of the means (SEM) from three independent experiments. 50 of miltefosine-mediated death in L. donovani promastigotes. In order to determine the concentration of miltefosine at which approximately 50% death of L. donovani promastigotes would occur, we had tested the effect of several concentrations of the drug using the MTT assay. Data show a biphasic killing of Leishmania promastigotes under the in vitro conditions (Fig. 1A) . The death profile was initially slow when concentrations up to 20 M were used. (Fig. 1A) . Determination of miltefosine-mediated regulation of proliferation and morphology of L. donovani promastigotes. In order to obtain a clue(s) to the possible action of miltefosine in causing the death of L. donovani promastigotes, they were treated with or without a 25 M concentration (IC 50 ) of miltefosine and observed under a microscope at 4-h intervals after drug treatment up to another 46 h. No effect of the drug was observed till the first 4 h after drug treatment (Fig. 1B) . The average number of cells at the time of drug treatment was 5 million/ml. The drug-treated cells grew up to 7 to 8 million/ml in the next 8 h after treatment and remained constant till 96 h compared to the untreated samples, which grew up to 20 to 25 million/ml till 96 h (Fig. 1B) . A visual inspection under a differential interference contrast microscope of promastigotes with or without treatment with the IC 50 (Fig. 1C) .
RESULTS

Determination of in vitro IC
Determination of mode of miltefosine-mediated death in promastigotes of L. donovani. (i) Miltefosine treatment induces nuclear condensation. Having observed that miltefosine treatment induces death and severe morphological changes in promastigotes, we next investigated the mode of miltefosineinduced cell death. We undertook a study of the condensation of nuclear material, which is a part of the process leading to apoptosis. Propidium iodide was used as a stain to detect nuclear condensation. Condensed nuclei exhibit brighter red fluorescence than noncondensed nuclei, which show dull red fluorescence. Promastigotes treated with 25 M miltefosine showed bright red fluorescent spots compared to the normal dull red fluorescence in untreated cells (Fig. 2B versus A) . Data suggest that nuclear condensation occurs in L. donovani promastigotes during the miltefosine-induced cell killing, which is suggestive of an apoptosis-like death process.
(ii) Determination of PARP cleavage in L. donovani promastigotes during miltefosine-mediated cell death. PARP is a DNA repair enzyme that undergoes cleavage during the process of induction of apoptosis. Since the presence of cleaved PARP is a feature of apoptosis, we sought to detect cleaved PARP in miltefosine-treated Leishmania promastigotes. Cells treated with or without the IC 50 of miltefosine showed no cleavage of PARP under any condition tested (data not shown). Previously PARP-independent protozoan apoptosis has been reported (22, 35, 51) .
(iii) Oligonucleosomal-DNA fragmentation analysis of treated promastigotes indicates apoptosis-like cell death. Based on the data suggesting nuclear condensation in promastigotes, we sought to further investigate the possibility of apoptotic cell death mediated by miltefosine. Degradation of nuclear DNA into nucleosomal units is one of the hallmarks of apoptotic cell death (10) . Oligonucleosomal-DNA fragmentation analysis of promastigotes treated with 25 M miltefosine showed clear fragmentation of genomic DNA into oligonucleosomal fragments in the characteristic ladder form in agarose gel electrophoresis as seen during apoptosis, compared to untreated promastigotes (Fig. 3A, compare lanes 3 and 2) .
To further characterize the changes occurring in the nuclear material during cell death mediated by miltefosine, in situ TUNEL staining was performed to detect the free ends of 
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on July 9, 2017 by guest http://aac.asm.org/ DNA after breakage, which is one of the important biochemical hallmarks of eukaryotic apoptosis (10) . Promastigotes treated with 25 M miltefosine showed TdT-labeled nuclei, which brightly fluoresced yellowish green, indicating DNA fragmentation, compared to untreated promastigotes, which did not show any TUNEL-positive cells ( Fig. 3C and B) . Observed data thus provide strong evidence suggesting that miltefosine causes death of L. donovani promastigotes by inducing an apoptosis-like process. Determination of mechanism of miltefosine-mediated death in amastigotes of L. donovani. Miltefosine induces oligonucleosomal-DNA fragmentation in extracellular amastigotes. Having observed miltefosine-mediated apoptosis-like processes in promastigotes, we extended similar studies to the Leishmania amastigote, which is the infective stage of the parasite (5, 14, 26) . Amastigotes isolated from the spleens of infected Chinese hamsters were subjected to similar drug treatment, and genomic DNA was analyzed for the presence of oligonucleosomal fragments by the same procedure described above. Extensive DNA fragmentation into oligonucleosomal fragments in ladder form could be detected in miltefosine-treated amastigotes (Fig. 4A, lanes 3 and 2) . Untreated amastigotes did not show any DNA fragmentation (Fig. 4A, lane 2) . Endonuclease activity was also evaluated by using an in situ TUNEL staining method. TdT-labeled nuclei, which brightly fluoresced yellowish green, were detected in miltefosine-treated amastigotes whereas labeling was absent in the untreated amastigotes ( Fig.  4C and B) . Thus, miltefosine was able to induce DNA fragmentation leading to apoptosis-like death in the Leishmania amastigotes in a way similar to that observed in the promastigotes.
In situ DNA fragmentation mediated by miltefosine on intracellular amastigotes of L. donovani. Having observed apoptosis-like phenomena induced by miltefosine in extracellular amastigotes, we decided to conclusively prove miltefosine-mediated apoptosis-like death in the clinically relevant infective stage of Leishmania within the host cell and studied the effects of the drug on intracellular amastigotes in infected macrophages. Peritoneal macrophages isolated from Chinese hamsters were infected in vitro with amastigotes and cultured in the presence (25 M) or absence of miltefosine. Treatment with miltefosine killed intracellular L. donovani amastigotes as detected by the reduction in the number of intracellular amastigotes per macrophage by Giemsa staining (Fig. 5B versus A) . The amastigote-infected macrophages treated with or without miltefosine (25 M) were subjected to an in situ TUNEL assay. The nuclear DNA fragmentation of intracellular amastigotes, as determined by the green fluorescence, was clearly visible inside the macrophages treated with miltefosine compared to the untreated amastigotes, which did not pick up green stain (Fig. 5D versus C) . Macrophage nuclei were stained red, indicating that no damage to the macrophage nuclei was caused by miltefosine treatment at this concentration. Our results thus confirm that miltefosine induces apoptosis-like death process in L. donovani.
DISCUSSION
Apoptosis-like changes have been reported for Trypanosoma cruzi (1), Leishmania amazonensis (36) , and L. donovani (10) , in response to G-418 antibiotic, heat shock, and hydrogen peroxide, respectively. In order to clarify the mode of action of miltefosine against L. donovani, we have investigated the type of cell death induced by this drug and observed that at the IC 50 the drug precipitates a type of cell death in Leishmania that shares many characteristics with metazoan apoptosis. PI staining, oligonucleosomal-DNA fragmentation, and in situ TUNEL staining of condensed and fragmented nuclei due to miltefos- Considerable similarities exist between metazoan apoptosis and protozoan apoptosis (11) . Observations of both DNA condensation and DNA laddering are in agreement with prominent features observed during metazoan apoptosis. PARP, a DNA repair enzyme, is cleaved by caspases in metazoans during apoptosis (57) . A similar process involving the cleavage of a PARP-like protein during apoptosis in Leishmania due to treatment with hydrogen peroxide has been reported using antibody raised against mammalian PARP (Pharmingen, San Diego, Calif.) (10); however, the molecular size of the PARPlike protein that was detected in Leishmania by the antibody was found to be less (78-kDa intact protein and 63-kDa cleaved fragments) (10) than the sizes of proteins in mammalian systems (113-kDa intact protein and 85-kDa cleaved fragments) (29) tested so far. Leishmania major cysteine proteinases has been reported to process human nuclear PARP into a 40-kDa fragment (3) and not into the 85-kDa fragment that is processed by human effector caspases (29) . In our study no PARP cleavage could be detected by the antibody in Leishmania due to miltefosine treatment. Caspase-independent apoptosis has been reported in several organisms (35, 46, 51) . A recent report finds no caspase homologue yet in unicellular eukaryotes (2) . While genes encoding metacaspases, belonging to an ancestral metacaspase/paracaspase/caspase superfamily, have been identified in plants, fungi, and several unicellular eukaryotes, including protozoa (2), no information is available about their potential involvement in cell death (3) . Alternative pathways resulting in caspase-independent apoptotic cell death have been reported in promastigotes and amastigotes of L. major and Leishmania mexicana upon serum deprivation (11, 61) . Nuclease activation independent of caspase 1, caspase 3, calpain, cysteine protease, or proteasome activation has been reported in L. infantum amastigotes (49) . Nitric oxide-mediated cell death was also demonstrated in L. amazonensis amastigotes, which induced extensive DNA fragmentation, not due to activation of caspase-like activity, but due to noncaspase protease of proteasomes (22) .
It has been suggested that mitogenic-signal transduction and second-messenger generation via inhibition of protein kinase C (PKC) might be a possible mode of action (56) . However, inhibition of PKC did not necessarily match with the antiproliferative activity of miltefosine, and PKC-depleted cells did not alter their sensitivity towards the drug (19) . Phosphatidylcholine biosynthesis has been shown to be inhibited by miltefosine (17) . Miltefosine has been considered to inhibit the translocation of CTP:phosphocholine-cytidyltransferase, the key enzyme of phosphocholine biosynthesis, from its inactive cytosolic form to its active membrane-bound form (9) . In addition, sphingomyelin biosynthesis has been shown to be inhibited by miltefosine, leading to increased levels of cellular ceramide (60) . It has also been suggested that the increased levels of cellular ceramide trigger apoptosis in HL-60 and U-937 leukemic cells (28) . Studies on L. mexicana suggested that miltefosine might cause perturbation of ether-lipid metabolism, GPI anchor biosynthesis, and leishmanial signal transduction (33) . Later, Lux et al. (34) showed inhibition of the glycosome-located alkyl-specific acyl coenzyme A acyltransferase in L. mexicana, an enzyme involved in lipid remodeling, by miltefosine in a dose-dependant manner. However, the IC 50 for inhibition of this enzyme was 50 M (9), making it unlikely to be the primary target. Miltefosine also interferes with cellular carrier systems. Inhibition of the incorporation of 14 Clabeed desoxyglucose, choline, and methionine has been shown in cancer cells (6) . Interference with the carrier proteins could lead to depletion of essential nutrients and thus contribute to growth arrest and cell death. Furthermore, Na ϩ -, K ϩ -ATPase has been reported to be inhibited by miltefosine (6) . However, in these studies experiments were not undertaken to determine whether miltefosine-induced killing occurs by apoptosis or necrosis. Moreover, there is no report on the mechanism of miltefosine action on amastigote forms of the parasite.
The combined use of several techniques, including PI and in situ TUNEL staining, DNA condensation, and fragmentation assay, conclusively proves that L. donovani undergoes apoptosis-like cell death due to miltefosine treatment. Further studies may shed light on possible targets of miltefosine action. As miltefosine has been in clinical use in recent years as an antileishmanial therapy, a better understanding of mechanisms that regulate cell death may help us to design new therapeutic strategies against Leishmania parasites. The mechanism of miltefosine action described in this study needs more attention and should be considered in future experimental animal and clinical studies. Further studies are needed to see the effects of miltefosine action on strains that have become resistant to commonly used drugs.
